Analyses of x-ray (SXR) emission from tokamak plasmas provide valuable information about magnetohydrodynamics activities and transport phenomena. In this study, design and optimization of the SXR detector arrays were performed for the KSTAR (Korea superconducting tokamak advanced research) device. Geometrical arrangement of the array system was made by coverage mapping and tomographic reconstruction tests. The space-time tomography algorithm was developed for KSTAR-like plasmas using the fast maximum entropy method combined with singular value decomposition. Spatial setup of the components in each detector array was determined and optimized by geometrical calculation. A curved beryllium window and a developed cooling system will be mounted on the detector arrays. Due to the existence of the complex structures between outer vessel and passive stabilizers, each array is designed to be miniaturized. Hardware-optimization of the array system was cross-checked with the tomographic test results.
I. INTRODUCTION
A soft x-ray (SXR) array diagnostic system for KSTAR (Korea superconducting tokamak advanced research) is under development which is expected to provide a lot of valuable information from plasmas such as magnetohydrodynamics (MHD) activities, transport phenomena, fluctuations, plasma position, radiation power, and so on. 1, 2 Since the importance of imaging diagnostics has recently been growing, the imaging capability was considered as one of the important design factors of the SXR diagnostic system on KSTAR. In order to achieve accurate two-dimensional tomographic reconstruction under the limited accessibility of the plasma due to the poloidally nonuniform distribution of detectors, spatial arrangement of detector arrays and number of detector channels become very important. For the preliminary design of the diagnostics, the following factors were considered. The first was how to determine the number of channels and arrays as well as their locations to produce the best tomographic reconstruction results. The second was the aperture dimension and the aperture-detector distance to maximize the signal-to-noise ratio while minimizing the cross-talk between detector elements. The third was how to overcome the limited view due to the presence of passive stabilizers and the resulting large incident angle to the edge detector elements. The fourth was whether the developed array system could handle nonconventional emission profiles that could be found in advanced tokamak plasmas. The last was that the detector assembly should have built-in cooling modules instead of external cooling channels such as water pipes because of the limited space and the presence of complex structures inside vacuum vessel.
By considering the aforementioned requirements, how the spatial distribution and the number of arrays and detectors were optimized by the p-coverage mapping, tomographic reconstruction tests, and local geometrical calculations for KSTAR is described in this article. A brief description of the relevant hardware components such as a thermoelectric cooling system and a curved beryllium window is also given. The design parameters obtained from the preliminary design will be applied to the engineering design and fabrication of the diagnostic system for KSTAR plasmas.
II. SPATIAL OPTIMIZATION OF THE SXR ARRAY

A. Global spatial optimization
Since spatial optimization of detector arrays around the plasma is required for the accuracy of tomographic reconstruction results, the relation between position of sight lines through the plasma and position of detector arrays was first considered. Then, tomographic and coverage tests were performed in the presence of several arrays where each array was assumed to be composed of two independent 16-channel detectors. Through the tests, we confirmed that the six-array system shown in Fig. 1 produced a reasonably good reconstruction result. The quantitative analysis of the coverage test was also done by calculating the occupied area of the ͑p , ͒ set. Although seven-or eight-array systems showed slightly better coverage, the reconstruction image was not significantly better unless several vertical arrays were located in the inboard side. 
B. Local spatial optimization
The aperture dimension and the detector-aperture distance were determined by a local optimization procedure, which was carried out by a geometrical consideration in order to achieve high signal-to-noise ratio.
3 Figure 2 shows the geometrical layout of the SXR array detector for KSTAR.
The relations among several design parameters in each array were calculated by a simple geometric consideration. Suppose that X and Y are the radial resolution and the toroidal resolution, respectively, r a is the plasma-aperture distance, and r d is the detector-plasma distance, they are related as
where subscripts a and d denotes aperture and detector, respectively. The spatial resolution X ͑=0.02 m͒ and Y ͑=0.1 m͒ were determined by the coverage test and the thin-slice approximation. 4 The aperture size and the aperturedetector distance ͑r͒ were also calculated from Eq. (1) with the already determined X, Y, and detector size. The aperture dimension ͑y a = 3.5 mm, z a = 1.4 mm͒ was determined by maximizing the product of etendue S and signal-to-noise ratio S n . However, it was finally set by y a = 4.9 mm and z a = 1.0 mm by compromising the cross-talk between adjacent detector elements and the signal strength, which guarantees the same signal strength as the 3.5 mmϫ 1.4 mm case because the projected sight cone will cover all the detector elements including edge elements without decrease of the etendue. In addition, the distance between the detector and the aperture ͑r͒ was set to be 17 cm. The spatial resolution in the radial direction around the magnetic axis is expected to be about 2 cm in the designed system.
C. Tomography test
The tomography tests were performed on KSTAR by using the space-time Cormack 5-7 method and the developed fast MEM (maximum entropy method). The tomography codes were written in MATHEMATICA™, which produced fully analytic results with reasonable calculation speed. The details of the fast MEM code that is based on the MEM combined with SVD (singular value decomposition) will be reported elsewhere. The chosen phantoms for reconstruction tests were a KSTAR-like single-peaked emissivity profile and a hollow emissivity profile.
Although the single-peaked profile was reconstructed pretty well using the Fourier-Bessel expansion method, 6,7 it did not produce a good reconstruction result at the plasma edge in the hollow profile case. Figure 3 shows tomographic test results for the single-peaked and the hollow profile. During the tests, 1% of noise was added to all line-integrated signals with the Gaussian probability distribution of the standard deviation of = 1% to take unaccounted experimental errors into account in the reconstruction. Figure 3(a) shows a result from the space-time Cormack method, where an excellent reconstructed image is seen. In the case of the hollow profile shown in Fig. 3(b) , the fast MEM combined with SVD code could clearly show the presence of the hollow in the phantom only in the case of five or more array systems. In this case, the observable poloidal mode number is up to five with six arrays, which is sufficient for studying high m number MHD phenomena. However, the V-shaped pair structure of detectors in each array can give the distinguishable maximum poloidal mode number of up to nine because there are ten independent poloidal viewing angle of the arrays in the six-array system under design. Although seven or eight arrays showed better results because of the higher spatial resolution, the reconstructed result was not significantly better than that of the six-array case due to the limitation of the arrangement of arrays inside the vacuum vessel. It turned out that the uniformity of poloidal arrangement of the arrays was more important than the number of sight lines per each array in obtaining better tomographic result. The tomography tests allowed us to determine a proper number of detectors in each array by the Akaike information criterion (AIC). 8 In the case of using a pair of 20 channel AXUV-20EL detectors to improve spatial resolution, the calculated spatial resolution was too high compared to the two 16 channel detectors ͑AXUV-16EL͒ due to too many sight lines, causing artifacts in the reconstructed image. Also, the minimum AIC was obtained with 32 channels per array. Therefore, the optimized number of arrays and detectors per array was determined to be six arrays and 32 channels per array.
III. DESCRIPTION OF THE MAIN COMPONENTS OF THE SXR ARRAY
A. AXUV diode detector array
For detectors, AXUV-16EL photodiode array detectors manufactured by IRD Inc. (Torrance, CA) 9 will be used. The dimension of each detector element is 5 mmϫ 2 mm and the gap distance between adjacent elements is 0.12 mm. Since the energy band of the AXUV detector ranges from 10 eV to 20 keV, it can also be used as a bolometer because of the flat response ͑0.24 A / W͒ in the wide energy range. 10 The detectors will be used in the photoconductive mode with appropriate bias to reduce noise. Relative calibration factor of each detector element with respect to the central element should be evaluated prior to its use. Two AXUV-16EL detectors will be installed in each array to have a total of 32 channels per array.
Due to the presence of passive stabilizers between the vacuum vessel and the plasma, a small hole in the passive stabilizer will be prepared in front of each vertical array. In order to guarantee a wide viewing range of the plasma through the hole, the estimated diameter of the hole is 35 mm and the aperture dimension in front of each array is 4.9 mmϫ 1.0 mm as described in the previous section. Because the response of edge channels is known to be unsatisfactory in the case of a linear 32-channel detector due to the large incident angle, calibration depending on incident angle is required when the maximum incident angle on a detector element exceeds ±22.5°. 11, 12 Because of the reason, a pair of AXUV-16EL detectors was decided to be arranged in the V-shape in order to avoid the large incident angle at the edge detector elements while maintaining a wide viewing angle.
The AXUV-16EL detectors will be mounted on a printed preamp circuit board 9 to prevent electromagnetic noise pick-up. Although the transimpedance gain of the preamp is 10 4 ϳ 10 5 and the bandwidth is up to 300 kHz, it can be modified up to 600 kHz in order to observe faster MHD phenomena.
B. Aperture
To achieve high signal-to-noise ratio and minimum cross-talk, aperture size and distance between aperture and detector were optimized as described in the previous section. The poloidal width ͑z a = 1.0 mm͒ of the aperture is smaller than the pitch distance ͑2.06 mm͒ of the detector elements to reduce cross-talk between adjacent elements. The toroidal width ͑y a = 4.9 mm͒ of the aperture was set to be wider than its value calculated from the condition of the highest signalto-noise ratio and the aspect ratio of the detector element in order to have sufficiently high signal strength at the edge detector elements.
C. Beryllium "Be… window
In the case of a conventional flat Be window and fan beam geometry, the low cut-off energy among detector elements is different. [12] [13] [14] In a 50 m thick window, the difference in the low cut-off energy between the window's center and edge is about 80 eV because the traveling thickness at the edge is up to 66 m. In order to avoid this problem, we should use a properly curved window. If the focal point of the sight lines is located at the center of curvature of the window, all sight lines travel the same distance through the window, and as a result, the low cut-off energy becomes same for all detector elements.
D. Cooling system
Since KSTAR is designed to operate for up to300 s pulse duration, an active cooling system is required to keep the detector temperature low. Although constant detector temperature can be maintained by conventional water cooling, long access distance and presence of complex structures between vacuum vessel and passive stabilizers will make installation of water cooling pipes in the vacuum vessel difficult. Therefore, a thermoelectric ͑TE͒ cooler using a peltier element is going to be installed beneath the detector element. The detector system will be miniaturized by the two-stage mini-TE cooler and the temperature will be controlled by an external proportional-plus-integrate-plus-derivative based controller.
